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Turbulent channel flows laden with particles are investigated using direct numerical simulation with a point-force approximation for small, heavy particles with a diame- at the channel centerline, and, correspondingly, St + ≈ 300, 700 and 1500, where St + is the Stokes number based on wall units (i.e. the friction velocity and the kinematic viscosity).
The particles attenuated the turbulence intensities and the degree of turbulence attenuation increased with increasing Stokes number. Yamamoto et al. 11 performed large-eddy simulation (LES) using the same conditions as Kulick et al. 10 The degree of turbulence attenuation by the simulated particles was comparable with the experimental results of Kulick et al. The objective of the present study is to investigate the effect of Stokes number on turbulence modification in a channel, using DNS, with an emphasis on small Stokes number to resolve the inconsistency between isotropic turbulence and channel turbulence. Small particles with a diameter smaller than the Kolmogorov length scale are addressed in this study, and thus the particle reaction with the fluid is implemented using a point-force approximation. Four different cases classified by St K ≈ 0.037, 0.367, 2.572 and 9.185 at the channel centerline, and, correspondingly, St + = 0.5, 5, 35 and 125, were simulated. While the particle diameter remains constant, the ratio of particle to fluid density varies from about 35 to 8650 for different Stokes numbers. The effect of gravitational settling is eliminated to focus on the interaction of particles with coherent turbulence structures. Our study reveals that near-wall turbulence is modified by small, heavy particles in different ways depending on the Stokes number. In particular, we find that particles with a small Stokes number, wherein the particle follows the fluid velocity until a slip occurs between the two phases due to the small but finite inertia of the particle, lead to an increased occurrence of near-wall quasistreamwise vortices, which, in turn, augments turbulence statistics in the wall region.
To the best of our knowledge, this has not been previously reported. Also, we examine how the physical mechanisms for turbulence modification differ for cases of larger Stokes numbers.
In the following section, we describe the numerical procedures used in this study; the numerical details of channel flow simulation and Lagrangian particle tracking are described in Sec. II A and Sec. II B, respectively, and simulation parameters are presented in Sec. The governing equations for incompressible flow laden with particles can be given by
in which t is time, u i is the fluid velocity in the x i direction, and x 1 , x 2 and x 3 indicate streamwise (x), wall-normal (y) and spanwise (z) directions, respectively. Here, ρ, p and ν are fluid density, pressure and kinematic viscosity, respectively, and f i is the effect of particles on the fluid in the x i direction. The particles considered are smaller than the Kolmogorov length scale of the fluid. Thus, a point-force approximation was employed in implementing f i in the present code, as
in which m f is the fluid mass of a computational cell including any given grid point, (D i ) k is the hydrodynamic drag force acting on the k-th particle in the x i direction and the summation operator is taken over N p particles contained within the cell.
DNS of turbulent channel flow was performed via a pseudo-spectral method. The
Chebyshev-tau method in the y direction and the dealiased Fourier expansion in the x and z directions were used. Time advancing was performed using the Crank-Nicolson scheme for the viscous term, and the third-order Runge-Kutta scheme was used for the nonlinear term. For the homogeneous directions, periodic boundary conditions were applied.
At the walls, u i = 0 according to no-slip and impermeability conditions.
B. Lagrangian particle tracking
The particles considered are small, undeformable spheres. In this study, the ratio of particle density, ρ p , to fluid density is larger than unity. Thus, the Stokes drag is most significant, while other forces including the pressure gradient, added mass and Basset forces can be neglected. 21 Gravity has also been neglected to eliminate the effect of gravitational settling on turbulence modification. Furthermore, it is expected that in zero-gravity, the effect of lift on particles will not be significant. 22 Therefore, the particle equation of motion can be established considering only Stokes drag as follows:
where m p is the particle mass, τ p = d 2 p ρ p /(18ρν) (d p is particle diameter) is the particle response time scale, v i andũ i are the particle velocity and the fluid velocity at the particle position (q 1 (t), q 2 (t), q 3 (t), t), respectively, in the x i direction. The coefficient γ indicates the nonlinear drag correction factor accounting for situations where particle Reynolds number, Re p , which is based on the slip velocity between the two phases and particle diameter, is large,
In order to obtainũ i , the four-point Hermite interpolation scheme in the x and z directions and the fifth-order Lagrange polynomial interpolation in the y direction were used. 23 Time advancement for equations (4) and (5) was carried out using the third-order Runge-Kutta scheme. We use the flow data of fully developed channel turbulence as initial flow fields at t = 0, and at that time particles are homogeneously scattered over the computational domain, with velocities identical to the interpolated fluid velocity at their position. For particles moving outside the computational domain, periodic boundary conditions are applied in the homogeneous directions. Particle-wall interaction is assumed to be elastic collision.
C. Simulation parameters
When f i = 0 in equation (1) (i.e. particles are absent), the friction Reynolds number is Re * τ = u * τ δ/ν = 180 in the present simulation. Here, u τ and δ are the friction velocity and the channel half width, respectively, and the superscript asterisk ( * ) implies quantities of particle-free flow. The same mean pressure gradient drives the flow in the streamwise direction for all cases as where τ * w = ρu * 2 τ is the wall shear stress of the particle-free flow. The channel domain in the x, y and z directions is 4πδ × 2δ × (4/3)πδ and the number of grids in the corresponding directions is 128 ×129 ×128. For time advancing, we used the time step ∆t = 0.0006δ/u * τ (≈ 0.1ν/u * 2 τ ), which is smaller than a quarter of the shortest particle response time considered. The particles considered are classified into four different cases according to Stokes number.
The Stokes numbers, St
+ , based on wall units of the particle-free flow are St + = 0. 
in the case of St + = 0.5, the volume fraction is still on the order of 10 −3 and the particles are expected to infrequently collide with one another due to their small inertia. Nevertheless, particle-particle collisions can be important in local 7 regions where particles cluster. 11, 17 In this study, however, the effect of particle-particle collisions is not taken into account, in order to pinpoint the interaction between particles and turbulence and facilitate explanation of this phenomenon, as other studies have done.
17,24
Detailed parameters of the particles are presented in Table I .
III. RESULTS AND DISCUSSION
In near-wall turbulence, there is a tendency for particles to preferentially accumulate in the wall region due to their interaction with large coherent turbulence structures such as near-wall quasistreamwise vortices. [25] [26] [27] [28] This phenomenon, often called preferential concentration, is maximized when particle response time and a certain characteristic fluid time-scale match, i.e. within a particular Stokes number range. [29] [30] [31] To quantify preferential concentration, Fig. 1 shows the wall-normal profiles of the mean particle number density,n, at
τ and 500ν/u * 2 τ normalized by its initial value, n 0 , at t = 0, where the particle number density, n(x, y, z, t), is defined as the number of particles, N p , per computational cell volume, including the grid point (x, y, z) at time t, and an overbar indicates a space-average done over an (x, z) plane.
Peak concentrations appear within the viscous sublayer for all Stokes numbers and the maximum particle concentration near the wall occurs for particles with St + = 35. An investigation reveals that during the entire period of simulation of t = 500ν/u * 2 τ , the peak particle concentration continues growing for all Stokes numbers; clearly particles with St + = 0.5 accumulate very slowly. In our study, we present time-averaged turbulence statistics over a relatively early period to assess the immediate effect of Stokes number on turbulence modification by particles. The time-average starts when t = 125ν/u * 2 τ , which is equivalent to the longest particle response time scale in this study, after the release of particles into the flow domain, and is carried out over a period of t = 375ν/u * 2 τ . A space-average for the turbulence statistics is done over the (x, z) plane. Hereafter, time-and space-averaged quantities are denoted by angle brackets · , which are distinguished from space-averaged quantities denoted by an overline. 
A. Effects of Stokes number on turbulence statistics
Before presenting the effects of particles, the mean momentum balance in the presence of particles is investigated. The streamwise mean-momentum equation on the wall-normal interval [0, 2δ] can be given by
where u i is the mean velocity averaged over an (x, z) plane and τ is the total stress given by
where Figure 2 shows the time-averaged distribution of the total stress normalized by τ * w and its component terms. While τ /τ * w for the particle-free case shows a linear profile with a slope −1/δ, τ /τ * w , profiles of the particleladen flows deviate slightly from the linear profile, indicating that these flows have not yet In Figs. 2(a − d), total shear stress at the wall scaled with the wall shear stress of the particle-free flow, τ * w , is enhanced due to the presence of particles compared to the particlefree case. On average, u τ is enhanced by about 9.7% and 5.1% compared to u * τ due to particles with St + = 0.5 and 5, respectively, while it exhibits very slight enhancements for larger-Stokes-number cases (1.3% when St + = 35 and 1.4% when St + = 125). Since u τ varies, u * τ is used to nondimensionalize the variables and coordinates shown in all figures. This provides a convenient way to compare results for the particle-laden flows with the particle-free case. Hereinafter, the superscript plus sign + denotes quantities normalized by u * τ and ν. and 125. This is qualitatively consistent with the previous result for St + = 200. 13 For all cases considered, the peak location of f
1/2 is almost the same as that of f + 1 , and its magnitude is at least two times greater than the mean value throughout the channel width. This is also true for the wall-normal component, i.e. f the wall produce large negative and positive f 2 . Therefore, the local peak of f In Fig. 5(a) , no enhancement of streamwise turbulence intensity u can be written as,
where k = to the dissipation of the particle-free flow ε + pf is plotted in Fig. 6(d) . and typical vortical events in near-wall turbulence are near-wall quasistreamwise vortices.
The modification of quasistreamwise vortex distribution according to Stokes number leads to changes in turbulence production, as shown in Fig. 6(a) , because near-wall quasistreamwise vortices are responsible for the generation of turbulence production. adopting the same interpolation schemes as in Lagrangian tracking for heavy particles, as described in Sec. II B. Fig. 8 demonstrates that the negative a Figs. 9(b, c) . For the streamwise component (Fig. 9a) tices near the wall, which are the typical coherent vortical structure of near-wall turbulence.
Compared to the particle-free case in Fig. 10(e) , the number of quasistreamwise vortices increases significantly for St + = 0.5 (Fig. 10a) . On the other hand, the attenuation of quasistreamwise vortices is observed for larger-Stokes-number cases. In particular, for St + = 35, only few vortices survive (Fig. 10c) . The instantaneous results of 
C. Turbulence modification mechanisms
In the previous sections, we presented varying modification of the turbulent statistics and behavior of near-wall turbulence structures depending on the Stokes number. Our aim here is to reveal the effect of Stokes number on the physical mechanisms by which particles modify near-wall turbulence structures.
Modification by particles with St
Particles with St + = 0.5 have a tendency to follow the fluid particle since the particle response time is smaller than the Kolmogorov time scale of the fluid, i.e. St K < 1 (see Table   I ), but they have small but finite inertia at the same time. This causes the particles trapped in a quasistreamwise vortex to eventually be centrifuged, as shown in ejected from the quasistreamwise vortex, the particles are subject to inward drag in the (y, z) plane, i.e. converging towards the quasistreamwise vortex core (Fig. 12b) . Then, the feedback forces, which diverge from the vortex core, cannot directly affect the flow field due to the incompressibility of the fluid, except for creating negative pressure at the core. Figures 13(b, c) and 13(d − f ) show the respective distributions of the particle feedback force fluctuations, f ′+ i , and the local energy exchange between the fluid and particles in the streamwise, wall-normal and spanwise directions, i.e. u shown in Fig. 3 are found around the quasistreamwise vortex.
Therefore, these large f
It is shown in Fig. 13 (c) that (f
) of large magnitude, found mostly around the edge of the quasistreamwise vortex, diverges from the vortex core region in reaction to the drag forces shown in Fig. 12(b) . Around the quasistreamwise vortex, the particle-fluid energy exchange in the wall-normal and spanwise directions, i.e. u force on the fluid in the sweep region, and a negative one in the ejection region. A plausible explanation for this can be developed by considering the action of both particle inertia and mean shear near the wall. When a particle has a small Stokes number, it almost follows the fluid particle, but a slip between the two phases eventually occurs due to the small but finite inertia of the particle. If this particle is located on the sweep side of a quasi-streamwise vortex, it migrates towards the wall, and leads the fluid due to both particle inertia and shear, thereby producing positive f ′+ 1 in the sweep region. On the other hand, particles on the ejection side move away from the wall, and lag the fluid, thus producing negative f ′+ 1 in the ejection region. In both the sweep and ejection regions, u ′+ 1 f ′+ 1 becomes positive, as shown in Fig. 13(d) , due to the fact that f ′+ 1 has the same sign as u ′+ 1 in both regions (Fig.  13b) , indicating that energy is transferred from the particles to the streamwise fluid velocity fluctuations. Considering that ejections are responsible for the presence of low-speed streaks, this feedback may cause the low-speed streaks to become strongly unstable and ultimately influence the birth of new quasistreamwise vortices, since the proposed mechanisms for vortex formation in near-wall turbulence generally involve instability of the streaks.
37-40
Our results in Figs. 7 and 10(a, e) show the increase in the number of quasistreamwise vortices due to particles with St + = 0.5 compared to the particle-free case, consistent with the above argument. In Fig. 15(a) , the plotted u are negative throughout the channel width with negative peaks in the buffer layer. This indicates that, unlike in the streamwise case, in the wall-normal and spanwise directions, the particles, on average, act to extract kinetic energy from the fluid around quasistreamwise vortices. In the period of simulation, however, the streamwise energy transfer appears to have a more significant effect on turbulence modification by the particles.
For a small Stokes number such that St K ≪ 1, an approximation for particle velocity can be given as 41, 42 
Using Eq. (4), rearrangement of Eq. (11) gives the following relationship
Note that in Eqs. (11) and (12), the nonlinear drag correction factor γ is not taken into account (i.e. γ = 1), since Re p is generally much smaller than 1 when St K ≪ 1. Here, it is possible to redefine the particle feedback force for a small Stokes number using Eq. (12) as
In Eq. (13), if the volume containing the N p particles is sufficiently small, we can assume that the ensemble average of fluid acceleration at the locations of the particles q(t) in the small volume, including point (x, y, z) at time t,
Then, we find a new equation for the particle feedback force field for a small Stokes number as
As shown in the study by Yeo et al. 36 and in the results of Figs. 8 and 9 , the r.m.s.
values of and large negative are observed in sweeps and ejections, respectively. Equation (14) also explains that the magnitude of the particle feedback force increases in proportion to the particle-to-fluid density ratio, particle diameter (i.e. its volume) and particle number density.
Combining Eqs. (1) and (14) , the modified momentum equation for the fluid due to the presence of particles whose Stokes number is small enough can be obtained as
Equation (15) 
IV. CONCLUSIONS
The effect of Stokes number on turbulence modification in a channel was studied using direct numerical simulation with a point-force approximation for small, heavy particles with a diameter smaller than the Kolmogorov length scale. Stokes numbers of St + = 0.5, 5, 35
and 125 were chosen to cover a wide range. Within this range, we find that the modification of turbulent channel flow is not monotonic.
We find that particles with The net result is to damp quasistreamwise vortices, but with less influence than St + = 35.
Our simulations focus on a relatively early stage of the preferential concentration of particles in order to highlight the immediate effect of particle motion depending on Stokes number. For example, after a long period of time, particles with St + = 0.5 accumulate at the wall due to their small but finite inertia and persistent interaction with near-wall quasistreamwise vortical structures, and this will mask the pure effect of small Stokes number demonstrated in the present study.
